OBJECTIVE: To define the insecticide resistance status of Triatoma infestans to deltamethrin (pyrethroid), malathion (organophosphate) and bendiocarb (carbamate) in Bolivia.
Introduction
With more than 10 million human cases, Chagas disease is one of the most important parasitic diseases in Latin America. It is caused by the protozoan Trypanosoma cruzi (Kinetoplastida, Trypanosomatidae) and is the major cause of cardiopathy in the world (Yacoub et al. 2008 ).
The parasite is transmitted mainly by blood sucking insects of the Triatominae family (Heteroptera, Reduviidae) which are responsible of more than 80% of human cases (Schofield 1994) . In Bolivia, 55% of the territory is considered endemic for Chagas disease and involves around four million people at-risk (≈50% of the total population). As well as in all the countries of the -southern cone‖ (Southern Peru, Bolivia, Argentina, Paraguay, Brazil), the kissing bug Triatoma infestans is the main vector (WHO 2002) . It entirely completes its life cycle in human dwellings (in intra-and peri-domicile environments) and present vector control strategies are therefore based on indoor and outdoor sprayings of persistent insecticides (pyrethroids). In Bolivia this spraying is the responsibility of the Ministry of Health which manages a National Program for the Control of Chagas Disease (NPCCD) (Rojas Cortez, 2007) .
Despite some good results obtained with insecticide sprayings in the southern cone countries since the 1950's (Zerba, 1999) , endemic vector-borne transmission still occurs in large areas of Southern Peru, Bolivia and Argentina. Several factors may explain the maintenance of Chagas transmission in these regions (Gürtler et al., 2007) among which insecticide resistance has recently been pointed out as one of the most significant (Vassena et al. 2007) . Indeed, since 1997, resistance to pyrethroids has been detected in certain areas of Argentina (Vassena & Picollo 2003 , Gonzalez Audino et al. 2004 ) and in 2002, failures in field insecticide treatments have been associated with deltamethrin resistance (Picollo et al. 2005) . Recently, high levels of deltamethrin resistance have been observed in Bolivia, in the vicinity of Yacuiba, Sucre and Mataral (Santo Orihuela et al. 2008 , Toloza et al. 2008 , confirming preliminary data obtained in 2003 -2005 (Vassena et al. 2007 . In Bolivia however, the geographical extend and the magnitude of insecticide resistance is still unknown despite some recent alarming reports of treatment failures by technicians of the NPCCD.
The aim of the present study is therefore to assess the resistance status of various Bolivian field populations of T. infestans to deltamethrin, the pyrethroid insecticide used by the Bolivian NPCCD. An organophosphate insecticide (malathion) and a carbamate (bendiocarb) have been proposed as alternatives to deltamethrin in Bolivia (Vassena et al. 2007 ) and therefore are also tested here. A diagnostic concentration for each of the three tested insecticide is set for topical applications. A tarsal-contact diagnostic test is also proposed to rapidly assess the resistance status of field populations to deltamethrin. This study is the first one carried out at a large geographic scale in Bolivia.
Methods

T. infestans populations.
Fifty field populations of T. infestans were collected between 2006 and 2009 by means of active search in infested human dwellings (Pinchin et al. 1981 ) by the personnel of the NPCCD before routine insecticide treatments. Localities were chosen without any previous knowledge of the T. infestans population resistance status. Three localities were in the Cochabamba Department, 20 in the Chuquisaca Dept., 20 in the Tarija Dept. and 7 in the La Paz Dept., covering most of the geographical distribution of the species in this country (only populations from the Santa-Cruz Dept. are lacking) ( Fig. 1 ).
In Chivisivi (La Paz Dept.) a T. infestans population (normal phenotype) was also captured with sticky traps in a sylvatic rocky environment 500 m away from any house or human activities. Sylvatic populations are considered as independent entities without any evident interchanges with -human dwelling‖ populations (Noireau 2009 ). Field populations were reared in the insectary following Núñez & Segura (1987) until the F1 generation from which first-instar nymphs (N1) were used for the bio-assays. The laboratory strain CIPEIN (Picollo et al. 1976 ) was used as a susceptible reference strain for bio-assays.
Chemicals. Technical grade insecticides were deltamethrin (100% purity, AgrEvo, Berkham, UK), malathion (98.4% purity, Supelco, Bellefonte PA, USA) and bendiocarb (96% purity, Aventis CropScience (Bayer), Cambridge, UK). Pipernonyl-butoxide (PBO) (Sigma-Aldrich, France) was used as a synergist for deltamethrin.
Topical application bioassays. Serial dilutions of the insecticides in acetone were prepared and 0.2μl of solution was topically applied on the dorsal surface of the abdomen of each N1 (WHO 1994 , CIPEIN-CITEFA 2001 , with a 10μl Hamilton Microliter 701 microsyringe (Hamilton Co, Reno NE, USA) mounted on a repeating dispenser (Hamilton PB600).
The mean weight of N1 was 1.69 mg (± 0.31). At least 15 (and up to 100) insects per dose per replicate were used. At least three replicates were carried out for each insecticide/population experiment. For each experiment, at least 4 doses flanking the LD 50 (insecticide dose that killed 50% of the population) and causing >0 or <100% mortality were used. For each experiment, a control group received only acetone. Treated and control insects were maintained in a climatic chamber (Sanyo MLR 351-H, Japan) under controlled conditions of temperature (27°C ± 1°C), relative humidity (60% RH ± 5%) and photoperiod 12:12h (Light:Dark). Mortality was recorded at 24h. The criterion for mortality was the inability of the nymphs to walk out of a filter paper disk of 7 cm diameter (Vassena et al. 2000; Picollo et al. 2005) . Probit analysis (Finney 1971) was performed on mortality data using PROBIT ver.2 software (Raymond et al. 1993) . When results exhibited a large χ 2 for the Log-probit lines (which was the case for only the El Chaco population for deltamethrin and San Francisco del Inti population for bendiocarb) and because there was no sign of systematic deviation from linear regression, the heterogeneity factor H (Finney, 1971) . When lines where parallel, RRs were computed at LD 50 (i.e., RR 50 ) (Finney, 1971 ) and in addition, at LD 90 (i.e., RR 90 ) when probit lines were not parallel (Robertson et al. 2007) . If the only mechanism of resistance is based on detoxifying enzymes such as oxydases (cytochrome P 450 ), P reduc % would be expected to be 100% (i.e., a complete recovery of susceptibility to deltamethrin) as RR 50 with PBO would be 1.
Bio-assays with piperonyl-butoxide (PBO
If P reduc % is significantly different from 0% (i.e., it exists some synergistic effect with PBO) but also significantly different from 100% (i.e., the population does not recover total susceptibility to insecticide with PBO), then in addition to detoxifying oxydases, others types of resistance mechanisms are likely to be involved (Scott 1990) . The significance in reduction of resistance ratios was estimated by computing the resistance ratio of the population -with‖ and -without‖ application of PBO (RR PBO = DL50 without PBO / DL50 with PBO ). Therefore, P reduc % was considered as not significantly different from 0 if the value one was inside the 95% confidence interval of RR PBO .
Determination of diagnostic doses (DD) for topical application assays. For a given insecticide, the diagnostic concentration is twice the minimum concentration that causes 100% mortality of individuals of the susceptible strain (WHO 2006) . At a diagnostic dose, the usual OMS rough threshold for detecting resistance is 80% mortality (Brown & Pal 1973) and therefore, with a single dose assay, it is possible to rapidly detect the presence of resistant individuals in a field population. Diagnostic concentrations for each of the tested insecticides were determined with the CIPEIN strain. A log-probit base line was first computed and then, a trial-and-error process was used with concentrations lower and higher than the computed LD 99 . For each concentration, at least 25 (and up to 50) N1 were used. This process was repeated several times to determine the observed LD 100 and then, the diagnostic concentration was set to 2 x LD 100 .
Design of a tarsal-contact diagnostic test for field use. Graduated series of filter papers (Whatman n°1) 12x15 cm were impregnated with 2ml of insecticide solution (insecticide diluted in acetone with silicone oil [Dow Corning 556 cosmetic grade 3.6 mg/cm2]) following WHO (1996) . Depending on their developmental stage, groups of 5 to 10 T. infestans of the CIPEIN strain were allowed to walk on an impregnated filter paper during one hour, below OMS plastic cones which maintained the insects on the paper. Then, as for topical application bioassays, insects were returned to plastic glass with folded paper in climatic chambers (27°C ± 1°C, 60% RH ± 5%), for the 24h dosage/mortality relationship.
For each concentration, at least 20 insects were used. At least three replicates were carried out for each bio-assay. For each developmental stage, Log-probit lines were estimated and lethal concentrations 99 (LC 99 ) were computed. Then, -trial and error‖ assays were carried out with impregnated papers flanking the LC 99 to determine the observed LC 100 . The concentration for diagnostic paper was set to 2 x LC 100 .
Results
Resistance to deltamethrin. (Tab. 1). The minimum dose of deltamethrin that caused 100% mortality in the CIPEIN strain of T. infestans when topically applied was 2.5 ng a.i./insect in agreement with the computed LD 99 of 1.72 ng a.i./insect (95% confidence interval : 1.29 -2.53). Therefore, the discriminating dose was set to 5 ng a.i./insect. At this dose, few populations exhibited 100% mortality and for the majority of them, mortality was <80% indicating that most of the tested populations were resistant. In resistant populations, mortality rates were generally far below 80% and often close or equal to zero, indicating high levels of resistance, as also evidenced by large resistance ratios (RR 50 ) which ranged from 6 to 491. However, regional differences existed: Most of the susceptible populations were from La Paz Department, a few ones from Chuquisaca and none from the Tarija Department. including N1) to 0.30% deltamethrin impregnated filter papers for one hour in groups of 5 to 10 individuals; (2) transfer the insects in resting cups with folded paper at room temperature (if possible at ≈27°C); (3) compute the percentage of mortality after 24 hours and use the OMS criterion (Brown & Pal 1973) to conclude. However, special attention should be paid in the interpretation of N1 mortality (see discussion).
Discussion
Insecticide pressure on Bolivian -domestic‖ populations of T. infestans comes from vector control measures of the NPCCD. Present results indicate that resistance to deltamethrin is widespread and high. In some places in the centre and south of Bolivia where the NPCCD reported insecticide field treatments failures, resistance ratios for deltamethrin where >50, which is the rough threshold computed by Picollo et al. (2005) Abrahan et al. 2008 , Pizarro et al. 2008 , Segura et al. 2009 ) and this also can partly account for the observed differences in resistance patterns.
Because there is no marked resistance to bendiocarb and malathion (as measured by diagnostic dose assays), alteration of insecticide biding-sites for acetylcholin esterase is unlikely to occur in T. infestans. (Mc Cord & Yu 1987) . Therefore, because these enzymes are strongly suspected for deltamethrin resistant T. infestans populations in Bolivia, they might also be involved for bendiocarb, giving various RR 50 >1 (although only slightly above one). However, to better characterize the metabolic resistance, biochemical assays would be needed (Hemingway 1998 ).
In addition to metabolic resistance, the knockdown resistance (kdr) mechanism is common in many insect species resistant to pyrethroids. Its mode of action consists of pointed mutations in the sodium channel genes leading to nerve insensitivity and cross-resistance with DDT (Soderlund & Knipple 2003) . Because the tested populations of T. infestans did not recover total susceptibility to deltamethrin with PBO (and even in some cases, PBO did not have any effect), and because RR are high, the most probable complementary mechanism is the kdr mechanism which has already been suggested by Santo Orihuela et al. (2008) for T.
infestans populations of Argentina.
In combination with insecticide resistance reports in Argentina, our results also raise the question of the apparition of insecticide resistance in the Andean populations of T.
infestans. On the other hand, non Andean populations of T. infestans of Paraguay and from some regions of Argentina seem to be susceptible to pyrethroids despite the same insecticide pressure. The classification of T. infestans populations into two distinct groups Andean and non-Andean has long been underlined (Panzera et al. 2007) , and differences in ecological responses of the two groups mentioned (Catalá et al. 2006 ). Andean populations of T.infestans from Bolivia seem to have the potential to develop insecticide resistance faster than non-Andean populations. Correlating genetic and insecticide resistance data will bring new insights into resistance management programs.
Resistance profiles of T. infestans might be more complex and diversified than expected, reflecting the various insecticide pressures and genetic structures of the populations.
A better management of chemicals can be a short term solution to insecticide resistance (Tabashnick 1990) . Because our results indicated that there was no resistance to bendiocarb, this molecule could be suggested as a short term alternative where resistance to deltamethrin is high. In that case, a careful monitoring should be carried out in areas where Anopheles pseudopunctipennis, a malaria vector, also occurs in sympatry (Lardeux et al. 2008 ) and is simultaneously controlled by the Bolivian Ministry of Health with insecticide indoor sprayings.
New control strategies including integrated approaches are needed to definitively overcome the resistance problem of T. infestans. Housing improvement and ecosystem management using an Eco-Bio-Social approach (WHO 2002 , Gürtler et al. 2007 ) are strongly encouraged. The use of insecticidal paints using organophosphates (Amelotti et al. 2009 ) is promising but poses different challenges at the operational level. Insecticide rotations or mixtures of organophosphates or carbamates with pyrethroids and the search for insecticide synergy would also be worth considered. Restoration of pyrethroid susceptibility using low rates of other insecticides (Bielza et al. 2007 ) could also be studied. Finally, high-tech strategies using genetics (such as paratransgenesis) are promising (Durvasula et al. 2008 ) but more time is needed to be fully operational.
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